Abstract--A method for optimization of monomer feed composition to obtain the most accurate reactivity ratios has been described by Tidwell and Mortimer. The proposed method is more generally applicable than for use with the Mayo-Lewis model and copolymer composition vs monomer feed composition data. By means of a simulated example involving the penultimate unit models the effect of experimental design in the determination of reactivity ratios is clearly demonstrated. The same technique is adapted to the copolymerization of styrene with maleic anhydride. Apparent reactivity ratios are obtained for polymerization in toluene, butanone and N,N'-dimethylformamide. There appears to be a significant solvent effect. This paper provides an indication that the highest obtainable accuracy of apparent reactivity ratios depends on the values of the reactivity ratios themselves.
Interpretation of the experimental results in terms of the bootstrap model leads to the conclusion that there is no dependence of monomer sequence distribution vs copolymer composition on the solvent. Quantitative interpretation is hampered most probably by the absence of maleic anhydride homopolymerization.
I NTRODUCTI ON
Solvents appear to affect the apparent reactivity ratios in radical copolymerization. The extent is strongly dependent on the nature of the monomers and the solvents involved. Numerous explanations of the observed phenomena have been given. A few years ago it was discovered that, although the apparent reactivity ratios are influenced by the solvent, the reaction medium does not influence the conditional probabilities of the chain growth. Harwood demonstrated [1] on four examples that significant solvent effects on the copolymer composition vs monomer feed curves did not result in any effect on the monomer sequence (e.g. triad distribution) vs copolymer composition curves. The four examples in Harwood's publication consist of comonomers with relatively large differences in polarity. In a recent communication, Davis showed that this so-called "bootstrap effect" could also explain the observed solvent effects on styrene with methyl methacrylate copolymerization. [2] A method for quantification of the bootstrap effect was proposed by Klumperman and O'Driscoll [3] . In their publication, copolymerizations of styrene with methyl methacrylate and with maleic anhydride were used as examples. In a recent publication Klumperman and Kraeger [4] modified the proposed method to account for the variation of the distribution coefficient with copolymer composition. This distribution coefficient is defined to describe the ratio between comonomer *To whom all correspondence should be addressed. ratio at the site of propagation and global comonomer ratio (i.e. mean comonomer ratio over the entire reaction vessel). In the latter publication, the copolymerization between styrene and acrylonitrile was used as an example of a system that obeys the penultimate unit model, as was shown by two independent techniques [5, 6] .
The determination of accurate values of the apparent reactivity ratios in radical copolymerization has been the subject of many studies. A generally accepted fact is that, once experimental data has been gathered, the use of a non-linear least squares (NLLS) method provides the most accurate values of the reactivity ratios [7] [8] [9] .
Furthermore it appears to be of great importance to perform the right experiments. This means that with a fixed number of experiments, the accuracy of the reactivity ratios is strongly influenced by the comonomer feeds at which experiments are performed. This feature was recognized a number of years ago for the Mayo-Lewis model and the determination of reactivity ratios from copolymer composition vs monomer feed data, by Tidwell and Mortimer [9] . The method proposed by them to optimize the experiments is more generally applicable. Using the same technique, which will be outlined below, optimal experiments can be developed to evaluate any copolymerization model from any type of experimental data.
In this paper a simulated system will be used to show the effect of optimal experiments for the determination of reactivity ratios from the penultimate unit model. Afterwards, the approach will be used to 956 BERT KLUMPERMAN and GEA VONK obtain apparent reactivity ratios for the copolymerization of styrene with maleic anhydride in three different solvents (toluene, butanone and N,N-dimethylformamide). more than one maximum could occur in this four dimensional space, so that the starting point of the calculation could play a significant role. During the calculations so far, this has never been observed.
PLANNING OF EXPERIMENTS
That randomly distributed comonomer feed ratios in general do not lead to the most accurate reactivity ratios has been shown before [9] . Tidwell and Mortimer provided a boundary condition to which a joint confidence interval should match. As they say "those experimental conditions which generate circular joint confidence limits (or elliptical confidence limits with the axes of the figure parallel to the coordinate axes in an orthogonal rl, r2 space) are preferred".
It has been shown that minimization of the area of the joint confidence intervals can be achieved by maximizing the modulus of the determinant D, where SIMULATION OF REACTIVITY RATIO DETERMINATION A fictive system which obeys the penultimate unit model with the following apparent reactivity ratios is considered:
Two data sets are simulated by computer. One set consists of four monomer feeds equally distributed over the entire monomer feed range (fj = 0.2, 0.4, 0.6
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G is the quantity which will be measured (e.g. copolymer composition) and r 0 are the apparent reactivity ratios, in this case for the penultimate unit model. When G describes one of the triads, the determinant reduces to [2 x 2] size. This is obvious from the mathematical description of the triad fractions (e.g. Fli t is determined by r~l and r21 in the penultimate unit model).
For the maximization of the modulus of this determinant, the best available estimates of these apparent reactivity ratios should be applied. They can be determined from preliminary experiments. Maximization of the modulus of this [4 x 4] determinant is done numerically by starting from an arbitrarily chosen point in the four dimensional space {Mll, Ml2 , Ml3 , Ml4 } and moving through this space on the basis of steepest increase of the modulus. The step size is decreased when the maximum is approached to a certain degree, so that the maximum can be determined with the highest precision. In principle, A maximum relative error of 0.01 is allowed for the monomer feed, while a maximum absolute error of 0.03 is allowed for copolymer composition. From the data sets obtained in this way, reactivity ratios are estimated using a non-linear least squares procedure [10] . The estimated values are listed in Table 1 .
When the estimated values are compared with the true values, it is easily recognized that a significant deviation occurs for the first set, while the second set yields a fairly good agreement. The accuracy of the estimates is represented graphically in Figs 1 and 2 , where the 95% joint confidence intervals are plotted. The confidence intervals are calculated according to a method described by Hautus et al. [11] . The main difference between the two estimates in Fig. 1 (r~l and  r2~) is the surface area of the confidence interval, whereas the main differences in All other chemicals were high purity grades and were used without further purification.
Polymerization
The required amounts of monomers and initiator were accurately weighed into 250 ml volumetric flasks. After the addition of solvent to obtain a homogeneous solution, the volumetric flasks were filled with the solvent and homogenized in the usual way.
The monomer and initiator concentrations are 2 and 2 x 10 -3 M, respectively• The mixtures were transferred to 350ml reaction vessels and deaerated (three freeze-thaw cycles). The copolymerizations were carried out at 60.0 + 0.I ° in a shaking thermostat. All polymerizations were carried to conversions <5% by weight, in order to minimize composition drift.
The polymers were isolated by addition of the reaction mixture to a 10-fold excess of 2-propanol. The conversion was determined gravimetrically. The copolymers were purified by reprecipitation from butanone solution into 2-propanol. The purified polymers were dried in vacuo at 60 ° for 24 hr. obtained reactivity ratios. Therefore this method is used for the determination of apparent reactivity ratios for the copolymerization of styrene and maleic anhydride in various solvents.
EXPERIMENTAL

Materials
Styrene was dried over MgSO4, distilled at reduced pressure under N 2 at 35-40 ° to remove the inhibitor and subsequently stored at -l0 ° under N 2. Styrene was always used within 24 hr after distillation.
Maleic anhydride was purified by vacuum sublimation at 50 ° and stored under N 2 . The initiator, ct,~t '-azobis(isobutyronitrile) (AIBN) was recrystallized from methanol, dried in a vacuum oven and kept refrigerated until required.
The solvents employed for polymerization were:
--toluene (Merck), purity >99.5%
--butanone (Riedel-de Haen), purity 99% --N,N'-dimethylformamide (Merck), purity >99.8%.
The solvents were dried over molecular sieves and were used without further purification. 
Characterization
DEPT ~3C-NMR spectra were recorded on a Varian Unity 300 spectrometer at ambient temperature. Solutions were approx. 10% (w/v) in acetone d 6 for samples with high MAnh content or in CDCI 3 for samples with lower MAnh content. The compositions of the copolymers were determined (i) from the triad fractions determined by DEPT ~3C-NMR, (ii) using i.r. spectroscopy, from the ratio between the relative extinctions Eiss~cm.,/Ei49o .... and (iii) by non-aqueous titration. MAnh contents reported in this paper are arithmetric averages of these three determinations.
The DEPT ~3C-NMR technique to determine styrene centred triad distributions has been described earlier [12] .
Experimental design
From previous studies, it was clear that MAnh does not homopolymerize under conditions as employed here. This means that the copolymerization between styrene and MAnh can be described by a simplified penultimate unit model, as indicated earlier [3] . Based on the mathematical descriptions of copolymer composition and triad distribution vs monomer feed composition, experimental design was carried out as outlined above.
As estimates for the reactivity ratios, values were chosen from the literature for SMA copolymerization in bulk at 60' (rss = 0.0177; r~s = 0.0288) [13] . In Table 2 , the calculated monomer feed compositions for optimal experiments are given for each of the calculations.
To obtain experimental evidence of the influence of the experimental design method, experimental series were built up as follows.
In toluene, only the values obtained from Fs-based calculations were used. Furthermore, these values were not used accurately, i.e. four experiments were carried out at fs = 0.938 and four experiments at f, = 0.990. Only two triad distributions have been determined.
In butanone, again only the values obtained from F,based calculations were used. However, in this case the Table 5 .
It is clear that the 95% joint confidence intervals do not overlap. Therefore, it is concluded that the apparent reactivity ratios are significantly influenced by the solvent.
There appears to be a remarkable difference among the surface areas of the confidence interval of the three solvents. In the case of DMFs the number of experiments was significantly larger than for the other two solvents. The effect of the number of experiments was investigated separately by using only eight of the experiments. The confidence interval based on this calculation and the experiments used for the calculation are indicated with an asterisk in Fig. 3 and Table 5 respectively. In this case, the effect of the number of experiments on the surface area of the confidence interval is not significant. Especially remarkable is the relatively large surface area of the confidence interval for MEK. Inspection of the numerical values of the modulus of the determinant calculated from the determined reactivity ratios for the different solvents and the monomer feed compositions as used in the experiments reveals the cause of the difference in surface area. The modulus of the determinant for MEK has a structurally lower value than in the case of toluene and DMF. The numerical value of the determinant appears to be related to the values of the reactivity ratios involved. The highest obtainable accuracy is therefore influenced by the values of the reactivity ratios.
In an earlier study it was found that the copolymerization of styrene and MAnh could be interpreted using the bootstrap effect [3] . To confirm this, the triad distribution is plotted vs copolymer composition.
values were used as exactly as possible. All triad distributions were determined as input for the parameter estimation.
In DMF, all values for monomer feed composition were used. In this case, all triad distributions were also determined.
RESULTS
In Tables 3-5 the experimental results are given for the copolymerizations in toluene, butanone and DMF. From these data, apparent reactivity ratios are determined using a non-linear least squares procedure [10] . The data are interpreted using the penultimate unit model, where rMM = rsM = 0. The apparent reactivity ratios are given in Table 6 .
To determine whether the observed differences in apparent reactivity ratios are significant, joint confidence intervals were calculated using the method of Although there is some scatter, data from the different solvents appear to be described by one set of curves. The plotted curves in Fig. 4 were calculated using the arithmetric average of the rss/r~s ratio over the three solvents ((rss/rMs) = 0.43).
There appears to be a minor systematic deviation of the ~3C-NMR measurements from the theoretically predicted values. There are two possible causes for this deviation:
(1) composition drift during copolymerization (2) systematic error from the integration of the ~3C-NMR spectra.
The possibility of composition drift was evaluated by numerical inspection. Simulation of composition drift and subsequent averaging the copolymer composition and sequence distribution did not result in a satisfactory explanation of the observed deviation.
It is therefore assumed that the deviation is caused by a small systematic error in the integration of the ~3C-NMR spectra. The results do not suggest inapplicability of the penultimate unit model for the styrene/MAnh copolymerization. Firstly because the deviation is only small and secondly because previously recorded NMR spectra exhibited no anomalies [3] .
Qualitatively, the bootstrap effect is characterized by independence of the monomer sequence distribution vs copolymer composition upon the solvent employed. From Fig. 4 it is clear that this independence is present.
Quantitatively, the results are difficult to interpret, either with the method using a composition independent distribution coefficient [3] , or with a composition dependent distribution coefficient [4] . The most probable reason for this difficulty concerning quantification is the fact that MAnh does not homopolymerize. This results in two reactivity ratios being zero. Bearing in mind that the difference in polarity between styrene and MAnh is large, one would assume that a composition dependent distribution is needed for the description of the solvent effect on this copolymerization. The practical problem arising from the absence of MAnh homopolymerization is that the coefficients for the distribution coefficient cannot be determined with acceptable precision. CONCLUSIONS From the simulated example, it is clear that the accuracy of apparent reactivity ratios depends largely on the comonomer feed ratio used in the experiments. The method proposed by Tidwell and Mortimer for the Mayo-Lewis model also applies to the penultimate unit model. The latter is taken as an example to show the general applicability of this technique for the determination of apparent reactivity ratios. The use of computers for numerical differentiation and maximization of the modulus of the determinant makes it possible to use more complex models in the experimental design method.
The experimental results on the styrene with maleic anhydride copolymerization show that there is a significant solvent effect on the apparent reactivity ratios.
The present results indicate that the copolymerization of styrene with maleic anhydride copolymerization qualitatively shows the bootstrap effect. Quantitative interpretation of the results in terms of the bootstrap effect is hampered most probably by the absence of maleic anhydride homopolymerization.
From these results, it is concluded that a rigorous test of the proposed methods for quantification of the bootstrap effect should be based on a carefully selected comonomer pair. The monomers must possess a reasonably large difference in polarity whereas the copolymer should preferably remain dissolved in the monomer solution at the low conversion employed. Furthermore, both monomers should be able to homopolymerize under the experimental conditions. Comonomer pairs worth studying in this respect include styrene/acrylic acid and styrene/ acrylamide.
